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ABSTRACT 
We synthesize and interpret local earthquake data recorded by the Caltech/USGS Southern 
California Seismographic Network (SCSN/CISN) in southern California.  The goal is to use the 
existing regional seismic network data to:  (1) refine the regional tectonic framework; (2) 
investigate the nature and configuration of active surficial and concealed faults; (3) determine 
spatial and temporal characteristics of regional seismicity; (4) determine the 3D seismic 
properties of the crust; and (5) delineate potential seismic source zones.  Because of the large 
volume of data and tectonic and geologic complexity of the area, this project is a multi-year effort 
and has been divided into several tasks.   

 
RESULTS 
The 2015 Fillmore Earthquake Swarm and Possible Crustal Deformation 
Mechanisms near the Bottom of the eastern Ventura Basin, California 
The 2015 Fillmore swarm occurred about 6 km west of the City of Fillmore in Ventura, 
California, and was located beneath the eastern part of the actively subsiding Ventura basin at 
depths from 11.8 km to 13.8 km, similar to two previous swarms in the area (Figure 1).  
Template-matching event detection showed that it started on the 5th of July 2015 at 2:21 UTC 
with a ~M1.0 earthquake.  The swarm exhibited unusual episodic spatial and temporal 
migrations, and diversity in nodal planes of focal mechanisms as compared to the simple 
hypocenter defined plane.  It was also noteworthy because it consisted of >1,400 events of 
M≥0.0, with M2.8 being the largest event.  We suggest that fluids released by metamorphic 
dehydration processes, migration of fluids along a detachment zone, and cascading asperity 
failures caused this prolific earthquake swarm, but other mechanisms such as simple mainshock-
aftershock stress triggering or a regional aseismic creep event are less likely.  Dilatant 
strengthening may be a mechanism that causes the temporal decay of the swarm as pore pressure 
drop increased the effective normal stress, and counteracted the instability driving the swarm.   
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Figure 1.  Map and cross section view of regional seismicity, with events in the cross-
section plotted in green on the map.  Outlines for three oilfields (South Mountain (SM), 
Sespe, and Fillmore) are shown.  The cross section shows modified 3D Vp model from 
Shaw et al. (2015), and approximate locations of late Quaternary faults in the cross 
section from the Southern California Earthquake Center/Community Fault Model 
(SCEC/CFM) (Plesch et al., 2007; Marshall et al., 2013; and Nicholson et al., 2014).  
The 1989 and 2015 swarms are plotted in red color, and the 2000 swarm in purple in 
map view.  Location of study area within California is shown in upper left corner as a 
rectangle.   
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The Fillmore swarm expanded mostly down-dip from east to west in map view, but low level of 
activity continued through the duration of the swarm near its origin.  The N12°W trending cross-
section shows a dipping zone of seismicity no wider than 50 m extending across an area of 
approximately 1 km by 1.5 km, in the depth range of 11.8 to 13.8 km.  The swarm defines a 
remarkably planar zone dipping 26° to N12°W.  There is also some indication of a second less 
active plane about ~100 m above the main plane of hypocenters.    

The 2015 Fillmore swarm activity peaked on 9th and 10th of July with the largest event of M2.8, 
and continued with several smaller spurts of activity, and tapered off in late July to late 
September.  The overall spatial and temporal evolution of the sequence consisted of two distinct 
episodes of westerly down-dip migration of the swarm events.  The main cluster is shown in light 
blue to green while the late cluster is shown in red.  In cross-section view the 5-10 July burst 
occurred across most of the activated zone.  On July 13-14 the west down-dip edge was activated.  
From the end of July until late September the activity had resumed again at the initiation point, 
becoming increasingly more scattered towards the end of the sequence.  In comparison, the 1989 
swarm that consisted of 50 events, with the largest event of M2.2, was located ~8 km to the 
south-southwest near Oak Ridge (Shearer, 1998).  Its spatial-temporal migration was different, 
with the 1989 swarm outlining a more circular zone of deformation (Shearer, 1998).   

The detailed evolution of the Fillmore swarm with time, distance from first event, and focal depth 
shows the two main spurts of activity superimposed on a steady background rate near the origin 
of the swarm.  The swarm had a low level onset lasting for ~4 days.  The major spurt of activity 
occurred around the 9th and 10th of July.  The 2nd spurt occurred around the 14th of July.  Several 
small spurts continued near the point of initiation to late September.  Assuming a stress drop of 3 
MPa the rupture lengths for the largest events are on the order of 200 to 300 m.  The diffusivity 
curves fit to the whole swarm suggest an overall rate of diffusivity of 0.2 to 0.3 m2/s when 
assuming a one-dimensional model (Malagnini et al., 2012).  The rate of event migration is 
significantly higher for the two main clusters (~0.06 km/hr) as compared with a rate of 0.003 
km/hr for the whole sequence, showing that at least two different time constants seem to be 
required to match the time-space evolution.  The best-fit overall diffusivity fit curves indicate that 
the swarm migration was consistent with plausible fluid movement rates, while the occurrence of 
the two clusters suggested cascading asperity failures and complex feedback with deformation in 
the area where the swarm originated (for further details see, Hauksson et al. 2016).   
 
Detecting earthquake stress drop variations: A comparison between a 
convergent step-over in the San Andreas Fault and the Ventura thrust 
fault system, southern California 
A key parameter in engineering seismology and earthquake physics is seismic stress 
drop, which describes the relative amount of high-frequency energy radiation at the 
source.  To identify regions with potentially significant stress drop variations, we 
perform a comparative analysis of source parameters in the greater San Gorgonio pass 
(SGP) and Ventura basin (VB) in southern California (Figure 1).  The identification of 
physical stress drop variations is complicated by large data scatter as a result of 
attenuation, limited recording bandwidth and imprecise modeling assumptions.  In light 
of the inherently high uncertainties in single stress drop measurements, we follow the 
strategy of stacking large numbers of source spectra thereby enhancing the resolution of 
our method.  We analyze more than 6000 high-quality waveforms between 2001 and 
2014, and compute seismic moments, corner frequencies and stress drops. 
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Figure 1: Seismicity and major faults in southern California (A). Study regions (SGP: [117.2W, 33.8N] to 
[116.5W, 34.2N] and VB [120.1W, 34.0N] to [118.7W, 34.7N]) and corresponding seismicity are 
highlighted in red, white arrow show approximate direction of relative plate motion. Seismicity colored 
with depth and scaled with magnitude in the greater VB (B) and SGP(C) regions.  Fault traces are 
highlighted by black lines. 

 
Significant variations in stress drop estimates exist within the SGP area.  Moreover, the 
SGP also exhibits systematically higher stress drops than VB and shows more scatter.  
We demonstrate that the higher scatter in SGP is not a generic artifact of our method but 
an expression of underlying differences in source processes.  Our results suggest that 
higher ambient stresses, which can be deduced from larger focal depth and more thrust 
faulting, may only be of secondary importance for stress drop variations.  Instead, the 
general degree of stress field heterogeneity and strain localization may influence stress 
drops more strongly, so that more localized faulting and homogeneous stress fields favor 
lower stress drops.  In addition, higher regional loading rates, for example, across the VB 
potentially result in stress drop reduction whereas localized slow loading rates on 
structures within the SGP result in anomalously high stress drop estimates.  Our results 
show that crustal and fault properties systematically influence earthquake stress drops 
of small and large events and should be considered for seismic hazard assessment. 
 
The comparative analysis of stress drop variations in VB and SGP showed that stress drop 
estimates of individual earthquakes can vary strongly over up to three orders of magnitude.  This 
scatter may not solely be due to measurement uncertainty but rather indicate real-variations in 
stress drop estimates.  To confirm these results, we test whether statistical significant stress drop 
variations are resolvable in large (>100s earthquake) sample sizes.  First, we smoothed spatial 
representations of stress drop estimates and binned depth variations.  Second, we examine the 
robustness of stress drop variations by analyzing corner frequency and seismic moment 
estimates as well as spectral shapes of stacked source terms (for further details, see:  
Goebel et al. 2016). 
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